A novel fuel-efficient articulated urban delivery vehicle is developed and tested. The vehicle has a path-following steering system on the semitrailer which improves its manoeuvrability in narrow city streets. This enables the payload to be increased from 39.4 m 3 of freight on a conventional rigid delivery vehicle to 84.2 m 3 on this articulated counterpart, leading directly to up to 33% fuel saving per unit of freight task. The vehicle is also equipped with a hydraulic regenerative braking system which stores energy in hydraulic accumulators during braking events and releases this energy back to accelerate the vehicle in subsequent motion. The design of this system and the field testing programme are described. The experimental tests are used to determine the hydraulic losses and to validate a mathematical model of the vehicle and the regenerative braking system. Finally, the validated mathematical model is used to perform a parametric study for the vehicle operating in various standard driving cycles. It is found that operating the regenerative braking system with an engine stop-start system and optimized accumulator precharge pressures can reduce the fuel consumption by 9-18% in comparison with that of the baseline vehicle, depending on the driving cycle. When combined with the performance improvements due to the trailer steering system and additional payload, this gives an overall reduction in the fuel consumption of 35-42%.
Introduction
The single, most effective intervention for reducing the fuel consumption of a heavy goods vehicle is to increase its carrying capacity. 1 This reduces the number of vehicles needed for a given freight task. Provided that the vehicle is fully loaded, it can lead to substantial fuel savings. For example, Odhams et al. 1 showed that carrying freight on 44 t articulated vehicles instead of 20 t rigid trucks reduces the fuel consumption per tonne kilometre by approximately 30%. However, the geometric constraints that are imposed by the narrow streets in the UK and European cities can limit the use of full-size tractor-semitrailer vehicles unless shortened trailers are used (reducing the benefit) or trailer steering is used to improve manoeuvrability. Consequently, significant effort has gone into developing computer-controlled path-following trailer-steering systems with accurate tracking fidelity. 2 Another way to reduce the fuel usage of heavy goods vehicles (HGVs) significantly in urban environments is regenerative braking. 1 Previous work has shown that hydraulic regenerative braking systems are smaller and lighter than electrical hybrids for these vehicles. 3 Some commercial manufacturers such as Parker Hydraulics 4, 5 and Eaton Hydraulics 6-8 have built hydraulic hybrids for refuse and urban delivery applications. These technologies are installed on rigid vehicles and integrate directly into the drivetrain. Artemis Intelligent Power 9,10 have a solution for urban buses; the manufacturer claims that it reduces fuel consumption by up to 25%, where the hybrid system is installed in parallel to the engine.
Previous work has shown that a parallel hydraulic regenerative braking system can reduce the fuel consumption of an urban HGV by 21% on idealised stopstart cycles and by up to 17% on legislative driving cycles. 11 A further advantage of such a system is that the regenerative braking system can be used to 'launch' the vehicle from rest, enabling the engine to be switched off during idle periods and switched back on during the early part of the acceleration phase. This paper expands the previous work to specify such a hydraulic regenerative braking system, 11, 12 and to design and build a prototype for a semitrailer with integrated steering axles. It uses the results of tests on this vehicle to inform changes to the vehicle model developed previously. [11] [12] [13] This validated model is then used to determine the benefits of the system 'as built' over a range of driving cycles, as well as the benefits of a realistic 'commercial system'. It is assumed that the provision of trailer steering enables a tractorsemtrailer configuration to be used instead of a rigid vehicle for this freight task. The trailer-steering system has been described elsewhere 2 and is not investigated here.
System modelling and specification
The details of the system model have been given by Midgley et al. 11 and are summarised here. A pair of hydraulic accumulators (one at a high pressure (HP) and one at a low pressure (LP)) are connected via a valve block to the in-wheel fixed-displacement pumpmotors (PMs), as shown in the high-level outline of the hydraulic circuit in Figure 1 . (The full schematic diagram has been given in the thesis by Midgley.
)
When the vehicle is accelerating, the fluid from the HP accumulator is passed through the PMs to the LP accumulator, providing a positive (accelerating) torque. When decelerating, the opposite happens; a braking torque is applied by the PMs, and fluid is forced from the LP accumulator to the HP accumulator.
For an articulated vehicle such as that modelled in this and previous papers, the regenerative braking system is intended for the trailer axles, with one PM per wheel. The fuel saving can possibly be increased if a hybrid tractor unit is also used (see, for example, the work by the Volvo Truck Corporation 15 ). If only the trailers are used for regenerative braking, there is insufficient frictional force available on the tyres to recover all the energy available. An overview of the computer model of the hybrid vehicle system, which has been developed by Midgley and Cebon 12 and Hunt et al., 13 is given in Figure 2 . A driver model is used to generate a throttle demand, which is then passed to the engine and the regenerative braking controller. The regenerative braking controller makes decisions on whether to use the regenerative braking system based on the current state of the accumulators and the demanded torque, using a so-called 'greedy' strategy, where the energy is used and stored at the earliest opportunity. Previous studies have given more detail on the vehicle model and its validation, 1, 3, [11] [12] [13] and the reasoning behind the choice of a greedy controller over a more sophisticated controller. 16 
Hardware system
The final specifications from the work by Midgley et al. 11 were used as the starting point for the construction of the hydraulic regenerative braking system. The relevant values for the system properties are given in Table 1 . Design constraints limited the selection of components and so the specifications were changed from those of the original design in the work by Midgley et al. 11 to those in the final system constructed. The final specifications are also given in Table 1 , and the reasons for any differences are discussed below. An existing experimental 'B-link' trailer with actively steered axles 17 was adapted to incorporate the braking hardware.
Mechanical issues
In order to ensure that the vehicle can navigate urban areas, the trailer requires steering such as that introduced by Jujnovich and co-workers. 2, 17, 18 Given this constraint, in-wheel PMs were chosen, to remove the need for any drivetrain to be added to the trailer. Fixed-displacement PMs were used because they are small, light and robust and fit easily into the wheel ends, enabling the axles to steer.
However, this choice placed further constraints on the design of the system owing to the required articulation between the wheels and the trailer frame. The two main degrees of freedom are shown in Figure 3 : rotation between the wheel and the axle to allow steering of the wheels through roughly 625°; rotation of the axle about the trailing-arm pivot point, which is produced by movement in the vertical direction to accommodate the suspension travel.
These constraints create challenges in routeing the fluid to the PMs, which were mounted on the wheel ends. Consequently, a flexible hose was used in conjunction with swivel joints to transport the fluid from the trailer frame to a custom-designed manifold located above the steering kingpin (Figures 3 and 4 ). Figure 4 also shows the custom-designed steering knucklestub-axle unit, which includes fluid paths and a drain line for the PMs. In order to attach the PMs to the wheels, new wheel hubs had to be designed and manufactured, and the existing brake rotors modified.
The accumulators and associated valves and instrumentation were installed in a frame located in the rear of the trailer, to allow easy access during testing. A photograph of the finished system is given in Figure 5 . The masses for the components added to the vehicle are given in Table 2 . If a commercial hydraulic regenerative braking system were built it would be installed under the trailer, so as not to impact on the volumetric capacity of the trailer. It is also likely that this commercial system would not require a frame as heavy as the one constructed for these experiments.
Hydraulics
The original specifications given in the work by Midgley et al. 11 assumed carbon-fibre accumulators from a particular supplier. However, when this regenerative braking system was constructed, carbonfibre accumulators were temporarily unavailable. Instead, steel accumulators from a different supplier were used. A simplified schematic diagram of the system for one axle is given in Figure 1 .
Two HP accumulators and three LP accumulators were used so as to minimise the effects of heat dissipation from the compressed gas (although these are represented as single accumulators in Figure 1 for simplicity). After consultation with the manufacturers of the in-wheel PMs, the precharge of the LP accumulators was changed from 12.5 bar to 27 bar, in order to prevent the PMs from cavitating. In addition, the precharge of the HP accumulators was limited to 97 bar, owing to the operational constraints.
The HP accumulators and LP accumulators were linked to the wheels by custom-made manifolds, which were then linked to custom-made low-loss threeposition hydraulic valves (labelled Regenerative braking valve in Figure 1 ). The valves were linked to manifolds near the trailing arm (see Figure 3 ) by large-bore hydraulic hoses. These 'frame rail manifolds' are shown schematically in Figure 3 and are represented as a fluid restriction in Figure 1 , because of the pressure drop encountered when fluid passes through them. From these manifolds, swivel joints and smaller-bore ultraflexible hydraulic hoses were used to deliver the fluid to the manifold which sits on top of the steering knuckle. This manifold was then connected to the stub-axle unit as mentioned above to allow the fluid to pass through to the PMs. The PMs had the same specifications as given in the work by Midgley et al. 11 Also shown in Figure 5 is a hydraulic fluid tank (at atmospheric pressure). This tank and the associated charge pump (not visible in Figure 5 ) were included for experimental convenience in order to ensure a safe working environment in case any components or system settings needed to be changed. When changes were required, all the fluid was vented to the tank, rendering the circuit safe to work on. When the changes were complete, the LP accumulators were repressurised using the charge pump, which was powered from batteries installed on the trailer, charged by the tractor unit's alternator.
In order to prevent catastrophic failure of the circuit, several safeguards were included: the pressure relief valves were set to the maximum circuit pressure (330 bar); the 'flow fuses', which were attached to the HP accumulators, shut automatically if the flow passed the design threshold (150 l/min); software cut-outs vented all fluid to the tank if the system breached predefined pressure thresholds.
A pilot circuit runs in parallel to the primary hydraulic circuit, in order to provide the pressure for actuation of the regenerative braking valves. This circuit was pressurised from the LP accumulators, and any pressure spikes were damped by a small additional hydraulic accumulator. Additional small accumulators were added to the drain line from the PMs, to prevent any large pressure spikes from damaging the circuit. 
Instrumentation
In order to operate the system and to monitor the system status, a network of sensors and controllers was required, as shown in Figure 6 . A global controller running MATLAB's xPC Target software co-ordinated the communication between the different parts of the control and sensor network. The majority of the communication was via a controller area network (CAN) bus. 19 Local controllers (one per axle) monitored the pressures in the circuit and relayed this information, together with a real-time estimate of the available torque, to the global controller where it was logged. These local controllers were also responsible for monitoring the system pressures to ensure safe operation, for operating the pilot circuit to change the state of the regenerative braking valve, for depressurising the system if any abnormal pressures or system states were encountered and for running the charge pump to charge the hydraulic circuit before testing.
An 'ICON' microcontroller communicated with accelerometers and a fuel flowmeter installed on the vehicle and relayed these signals back to the global controller, where they were logged as in the work by Hunt et al. 13 The global controller also communicated with an RT3000 Global Positioning System (GPS)-inertial navigation unit, 20 which provided accurate position and velocity information for logging test runs. A brake engine control unit (ECU) running customised software sent instantaneous wheel speeds to the global controller, which can demand a brake pressure from the brake ECU.
System testing
After building and commissioning the regenerative braking system, it was tested in order to ascertain the performance, and to validate the existing regenerative braking system model described by Midgley and Cebon. 12 
Test location
The tests were undertaken on the runway at Bourn Airfield, near Cambridge, UK. The tests were always run on the same part of the airfield and run in both the south-east direction and the north-west direction, to account for any variations in the terrain and the wind conditions.
Test cycles
Given the limited area available for testing, only simple straight-line stop-start tests were possible. Two main types of test were undertaken: one set for characterising the flow-induced losses in the hydraulic system; another set for validation of the system model.
Stop-start test to characterise system losses. A significant parameter in the regenerative braking system model is the magnitude of the hydraulic losses in the system. Previous modelling studies on this system assumed loss coefficients based on experience and reference values for the lengths of the hydraulic hoses and the hose fittings. Given the novel and intricate layout of the fluid paths in this system (see Figure 4 for an example), it was important to characterise these losses to enhance the accuracy of the model. The overall pressure losses DP from end to end along a fluid path were modelled using
where k is the loss coefficient, Q is the instantaneous flow rate and DP 0 is the 'crack pressure' required to produce the flow in the system. For these tests, the wheel speed v measured by the anti-lock braking system controller was used to determine the instantaneous flow rate in the system, which is given by
where d m is the known fixed displacement of the inwheel PM. Additional pressure transducers were added to the circuit in order to measure the end-to-end pressure drop and are labelled Pressure gauge 1 to Pressure gauge 5 in Figure 1 . Several stop-start tests were conducted, ensuring adequate coverage of the operational flow rates of the system in both the acceleration mode and the deceleration mode. For these tests, the difference between the pressures of the two pressure gauges was calculated at each time step over the cycle. The results from these tests for pressure test points at the accumulator outlet (labelled Pressure gauge 1 in Figure 1 ) and the frame rail manifold inlet (labelled Pressure gauge 3 in Figure 1 ) are given in Figure 7 as an example. In order to exclude transients from the calculation, only steady-state data (i.e. after a settling period of 1 s) were included in this calculation. This explains the lack of data for the flow rates below 0.5 3 10 23 m 3 / s. Figure 7 also includes the curve of best fit for the data using equation (1) . Little difference was observed between the magnitudes of the losses of the front axles and those of the rear axle, and this was well within the experimental error.
A breakdown of losses for each section of the circuit is given in Table 3 , where the rightmost column gives the percentage of the pressure drop at full flow of each component when compared with the total pressure drop across the circuit. Because of the complex nature of the machined hub-knuckle system, it was not possible to measure the pressure drop between the inlet to the manifold and the inlet to the PMs. From Table 3 it is clear that the largest contributor to the losses in the circuit at high flow rates is the section of pipe between the frame rail manifold and the knuckle manifold. This is unsurprising, in that this section of pipe has a smaller internal diameter than the rest of the circuit has, and it also includes loss-inducing fittings such as the swivel joints. The final equation used in the model to characterise the overall pressure losses DP (bar) for both the front axle and the rear axle was DP = 13:
where Q is the flow rate (m 3 /s).
Stop-start cycle. In order to prove the effectiveness of the system and to provide test results against which the model can be validated, a series of stop-start tests were undertaken. The cycle used in the work by Midgley and Cebon 3 was a stop-start cycle from 13.4 m/s (30 mile/h) at 70:15g (1.47 m/s), intended to emulate a typical stop-start cycle in an urban environment. However, the PMs used on the vehicle have a maximum operational speed of 11.1 m/s (40 km/h), above which they must be disengaged hydraulically. In addition, during testing, it was found that the maximum safe deceleration was 0.9 m/s 2 , above which the experimental equipment in the truck cab became unstable. A further constraint on the test cycle was the limited runway length available for testing.
Taking these restrictions into consideration, the test cycle used in these stop-start tests was as follows.
1. Accelerate to 11.1 m/s (40 km/h). 2. Start the logging equipment. 3. Decelerate to a standstill over 12 s under the action of the regenerative braking system and the foundation friction brakes. 4. Remain stationary for 5 s. 5. Accelerate to 11.1 m/s (40 km/h) over 17 s using a combination of the regenerative braking system and the truck engine using second and fourth gears.
As fully automated acceleration and deceleration control of the system was not possible, the regenerative braking was operated manually; when the deceleration section of the test was started, the system was switched into the braking mode until it reached maximum pressure. During the acceleration section, the system was switched into the acceleration mode until the minimum pressure was reached in the HP accumulator. The driver acted as the velocity controller, to try to match the vehicle's deceleration profile to the desired profile. A minimal number of gear changes were used because these were found to be a source of large variation between the tests. The tests were run in both directions on the runway, in order to account for any variations in the surface profile or the elevation.
Results of testing
This section focuses on one particular set of test runs, in order to show the differences between the tests with regenerative braking and those without regenerative braking.
Stop-start cycles
The speed-time traces of a stop-start cycle showing the results from comparable test runs (i.e. in the same direction and in similar conditions) with regenerative braking and without regenerative braking are shown in Figure 7 . Pressure drop between the accumulator and the frame rail manifold versus the flow rate for several stop-start tests. Figure 8 , and the results for the accompanying cumulative fuel used are shown in Figure 9 . The fuel usage data presented in Figure 9 were taken from the fuel flowmeter, as shown in Figure 2 . This device produces pulses for each set volume of fluid that is injected into the engine. These pulses are then window averaged in order to obtain a flow rate versus time plot, as shown in Figure 9 . More details of this process have been given by Hunt et al. 13 The speed data in Figure 8 and the pressure data in Figure 10 and Figure  11 were taken directly from the RT3000 unit and the local pressure controllers respectively.
The speed-time profiles with regenerative braking and without regenerative braking show two main differences. During the deceleration stage, there is a small difference between the rate at which the vehicle starts to decelerate because of the step change in braking provided by the regenerative braking system. The same step change is responsible for the change in the deceleration rate at around 10 s; the regenerative braking system is switched off, as the pressure in the HP accumulator drops to the precharge pressure, and the driver must compensate for the sudden decrease in the net braking force provided to the vehicle.
The second, more noticeable change is during the acceleration portion of the cycle. During the gear change at around 23 s, the vehicle continues to accelerate, as a positive torque is still being supplied by the regenerative braking system. By contrast, the conventional vehicle decelerates during the gear change, as no positive torque is being applied to the wheels.
In the cumulative fuel graph shown in Figure 9 , the difference between the two tests during acceleration is clear. The regenerative braking system provides a positive torque, meaning that the engine has to provide less power to accelerate the vehicle, which in turn means that the vehicle requires less fuel. Some of this advantage is reduced because the vehicle continues to accelerate at a similar pace to the conventional vehicle after the gear change (23-30 s) but is obtained again at the end of the cycle when the regenerative braking test starts to reduce the deceleration rate, and therefore the fuel usage. In this test, the regenerative braking system reduced the fuel usage by 17.5% (Table 4) .
Comparison of the simulations and the experiments
In order to make the model described in the third section match the practical test results more closely, several small changes were required. First, a more accurate clutch model was added. Previous iterations of the model had focused on higher-speed driving cycles and did not behave correctly when accelerating from a standstill. The new clutch model allowed gradual matching of the engine speed and the wheel speed when accelerating, where the previous model had neglected these effects. Second, the hydraulic losses in equation (3) were added in place of the assumed values that were used previously.
Finally, it was found that the previous model for the hydraulic accumulators was insufficient, as it did not take into account the thermal effects when calculating the pressures in the accumulators. Instead, the previous model assumed that the nitrogen in the accumulators behaved as an ideal gas undergoing adiabatic compression-expansion according to
where P is the pressure, V is the volume and g = 1.4. The widely used Benedict-Webb-Rubin (BWR) equation of state [21] [22] [23] was used for modelling these effects according to
where P is the instantaneous pressure, r is the density of the gas, T is the gas temperature, R is the gas constant and A 0 , B 0 , C 0 , a, a, b, c and g are constants that
were obtained from the work by Cooper and Goldfrank 24 and are given in Table 5 . The calculation of the instantaneous pressure given a volume change in the nitrogen bladders in the accumulators was modelled using the approach given by Otis and Pourmovahed, 23 and the thermal time constant was taken from the experimental results to be 10 s.
Comparisons between the improved model and the experimental results for the LP accumulator and the HP accumulator are shown in Figure 10 and Figure 11 respectively. These figures show good agreement (typically within 5 bar) between the model and the experimental results. The large drop at the end of the HP trace, at around 27 s in Figure 11 , is a transient due to the sudden closure of the LP cut-off valve shown in Figure 1 . The value of the pressure after that point is incorrect, as this pressure transducer is located downstream of the accumulator, and the valve closing isolates the sensor from the accumulator pressure.
The results of simulating this improved model over the testing cycle are also shown in Figures 9 and 10 . The model follows the experimental speed very closely, and the final fuel usage is accurate to within 3% for both the regenerative braking tests and the conventional tests. There are, however, some notable differences between the model and the experimental tests during the acceleration portion of the cycle (20-25 s) and the final stages of the test (32-35 s) .
Both of these differences are probably due to the incomplete nature of the engine map used in the model, which was taken from the work by Hunt et al. 12 The experimental map was measured from steady-state tests but is here being applied to a transient cycle, which also involves a clutch. The clutch modelling goes some way towards minimising this difference but, once the gear change is completed at around 25 s, it can be seen that the model matches the experimental results much more closely. Towards the end of the cycle, the fuel flow as predicted by the model starts to level off, before that of the test results. This is probably due to inaccuracies in the engine map at high engine speeds (a human or automated driver would typically change gear before the engine speed reached this level) but, as mentioned above, the number of gear changes was reduced in order to reduce the variations between the tests. The results of the various simulations are summarised in Table 4 . As mentioned above and shown in Table 2 , the addition of the regenerative braking system also adds a significant mass to the vehicle. The results given above were obtained using the same vehicle, with the regenerative braking system either disengaged (case 1) or engaged (case 2). It can be argued that this gives a disadvantage to the conventional vehicle because it is heavier than it normally is. In order to account for this, the model was also run with a vehicle mass that did not include the regenerative braking hardware: 20,982 kg instead of 22,850 kg (see the masses in Table 4 ). This reduced the fuel usage by 10.6% (case 5), in comparison with the 19.5% saving obtained by using the regenerative braking system (case 4).
The system installed on the experimental vehicle was a prototype system, intended for experimentation and ease of access during testing. If a similar system was commercialised, it is probable that the added mass would be much lower. In particular, a hydraulic oil tank would not be required (as the system would be constantly pressurised), lighter carbon fibre accumulators could be used 25 and a lighter subframe could be used. With these considerations, it is assumed that the final mass of a commercial system can be reduced by 60% (see Table 2 ). Simulating the model with this lighter regenerative braking system gives a fuel saving of 21.4% (case 6 in Table 4 ) over the conventional experimental results, or 11.8% over the modelled system without the added regenerative braking mass (case 5 in Table 4 ). This lightweight commercial system (case 6) is the system used in the following section to characterise the benefits of the regenerative braking system over various stop-start driving cycles.
Evaluation of fuel consumption benefits
The four cycles used to compare the performance of the vehicle with the regenerative braking system with that of the baseline vehicle were the New European Driving Cycle (NEDC), 26 the Heavy Heavy-Duty Diesel Truck Transient (HHDDT-T) cycle, 27 the New York City Cycle (NYCC) 28 and the Urban Dynamometer Driving Schedule (UDDS). 28 The regenerative braking system started each cycle with the same amount or less stored energy than it finished the cycle with, in order to ensure that the model did not benefit from an undue advantage. This was achieved by equating the gas volumes at the start of the cycle to the gas volumes at the end of the same cycle under the same conditions, by simulating the cycles several times, in a similar manner to the work by Midgley et al. 11 The values used for the mass of the unladen vehicle are those given in Table 4 and cited as With 'commercial' regenerative braking (case 6) and Without regenerative braking (case 5). The payload used for both vehicles was 8.4 t, obtained using a full volumetric load (84.2 m 3 ) with an average freight density of 100 kg/m 3 , as in the work by Odhams et al. 1 The validated vehicle model with regenerative braking and without regenerative braking was simulated over the four driving cycles with this payload. This model was also used to simulate a 26 t rigid vehicle using values from the work by Odhams et al. 1 and the data sheet from Volvo Trucks, 29 as this is the vehicle against which the articulated regenerative braking vehicle with steering should be compared (Table 6 ). The 'energy index by volume' 1 EI v given by EI v = fuel energy used payload volume 3 distance covered ð6Þ was used to compare these simulations with those of the vehicle simulated without regenerative braking, and the results are given in Table 7 . These results show only small decreases in EI v for three of the four driving cycles, and an increase in EI v for the NEDC. However, it is worth noting that the accumulator precharge pressure for these simulations was the same as that for the practical tests: 90 bar. However, a previous study 11 showed that changing the precharge pressure of the HP accumulator can double the EI v savings. Running the model over these cycles for a range of precharge pressures gives an optimal point for EI v saving, and these points are given in Table  8 , together with the EI v saving if the engine stop-start system is used to turn the engine off during periods of idle in the cycle. Examples of the results for cases 5 and 6 are given in Figures 12 and 13 for the UDDS driving cycle, where the regenerative braking system has a precharge pressure of 200 bar. Both figures show that the vehicle with regenerative braking (case 6) has better fuel consumption than the standard vehicle (case 5) has. It is also apparent from Figure 13 that the modified Figure 12 . Examples of the results comparing case 5 and case 6 for the UDDS driving cycle.
UDDS: Urban Dynamometer Driving Schedule. vehicle has a better acceleration performance, because of the additional drive torque available from the hydraulic motors. This enables it to track the desired driving cycle a little more accurately than the driving cycle of the unmodified vehicle. These results are more promising than those in Table  7 because the increase in the precharge pressure allows the system to store more energy. The system is most effective on the NYCC, where there is a large amount of stopping and starting and, as seen in previous studies, engine stop-start events make the most difference on this cycle as the vehicle spends much time idling. In general, the engine stop-start events add approximately 2% of EI v saving to the remaining cycles.
The comparatively high precharge pressure for the NEDC is due to the relatively low number of stopstarts included in this cycle. Additionally, much of the cycle is at speeds which are too high to be considered urban and are outside the operating range of the regenerative braking system.
In general, the savings due to the regenerative braking system are lower than expected from the previous studies, and this can be attributed to three main causes.
The first cause is the very high pressure drops in the system. Because of the constraints on transporting fluid to the wheel ends, the hydraulic circuit involves many changes in the direction and changes in the pipe diameter. These serve to increase the pressure drop in the system, which is most apparent at high speeds (see Figure 7) , where the most energy can be harvested from the vehicle during deceleration.
The second cause that contributes to the reduction in the effectiveness of the regenerative braking system is the system mass. In previous studies, the mass of the system was assumed to be significantly less than that of the finished system and therefore contributed less towards the increased fuel usage.
The third important factor is the updated accumulator model. In previous simulation studies, the accumulator model was simplistic, as the parameters of the final system were not known. Incorporating the timedependent BWR model, which takes into account the heat transfer within the accumulator decreases the efficiency of the system, as energy 'leaks' from the accumulators as heat over the course of the cycles.
These three factors combine to reduce the energy savings from this regenerative braking system. Each of these three factors can be mitigated in order to increase the efficiency of the system. A commercial system using carbon fibre accumulators and lightweight components built into the trailer axles can significantly reduce the added weight. Similarly, the mechanical and hydraulic systems can be integrated better in a 'clean-slate' design, rather than retrofitting the hydraulic hardware as in this project, and therefore incorporate fewer sharp changes in the direction and the hose diameter. Also, it has been shown that adding foam in the gas bladder of a hydraulic accumulator can markedly improve their heat transfer characteristics, reducing the energy lost to heat during operation. 30, 31 With these mitigation strategies, a much more promising increase in the fuel efficiency is possible. (For access to the raw data used in 
